TRPA1 is an excitatory ion channel expressed by a subpopulation of primary afferent somatosensory neurons that contain substance P and calcitonin gene-related peptide. Environmental irritants such as mustard oil, allicin, and acrolein activate TRPA1, causing acute pain, neuropeptide release, and neurogenic inflammation. Genetic studies indicate that TRPA1 is also activated downstream of one or more proalgesic agents that stimulate phospholipase C signaling pathways, thereby implicating this channel in peripheral mechanisms controlling pain hypersensitivity. However, it is not known whether tissue injury also produces endogenous proalgesic factors that activate TRPA1 directly to augment inflammatory pain. Here, we report that recombinant or native TRPA1 channels are activated by 4-hydroxy-2-nonenal (HNE), an endogenous ␣,␤-unsaturated aldehyde that is produced when reactive oxygen species peroxidate membrane phospholipids in response to tissue injury, inflammation, and oxidative stress. HNE provokes release of substance P and calcitonin gene-related peptide from central (spinal cord) and peripheral (esophagus) nerve endings, resulting in neurogenic plasma protein extravasation in peripheral tissues. Moreover, injection of HNE into the rodent hind paw elicits pain-related behaviors that are inhibited by TRPA1 antagonists and absent in animals lacking functional TRPA1 channels. These findings demonstrate that HNE activates TRPA1 on nociceptive neurons to promote acute pain, neuropeptide release, and neurogenic inflammation. Our results also provide a mechanism-based rationale for developing novel analgesic or anti-inflammatory agents that target HNE production or TRPA1 activation.
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oxidative stress ͉ sensory signaling ͉ TRP channel ͉ nociception P rimary sensory neurons of the pain pathway (nociceptors) express one or more members of the transient receptor potential (TRP) family of ion channels, activation of which can produce acute pain and neurogenic inflammation through the release of neuropeptides, including calcitonin gene related peptide (CGRP), substance P (SP) and neurokinin A (NKA) (1, 2) . To better understand the cellular mechanisms by which injury promotes these physiological responses, it is important to identify factors that activate or sensitize TRP channels in the setting of tissue damage and inflammation. For example, a variety of endogenous proalgesic agents, such as extracellular protons and bioactive lipids, have been shown to serve as positive allosteric modulators of the capsaicin receptor, TRPV1, thereby enhancing its sensitivity to heat and promoting thermal hyperalgesia. In addition to illuminating basic mechanisms underlying pain hypersensitivity, these findings provide insight into the types of pathophysiological conditions under which TRP channel antagonists may exert analgesic or antiinflammatory actions (3, 4) .
Recent studies have shown that the wasabi receptor, TRPA1, also plays an important role in modulating nociceptor excitability and neurogenic inflammation in the setting of tissue injury (5, 6 ). This channel is activated by isothiocyanate, thiosulfinate, or cinnamaldehyde compounds that constitute the pungent ingredients in mustard, garlic, and cinnamon, respectively (7) (8) (9) (10) . TRPA1 is also targeted by environmental irritants such as acrolein, that elicit the nociceptive and inflammatory actions of smog, cigarette smoke, and metabolic byproducts of chemotherapeutic agents (5) . TRPA1, together with TRPV1, mediates neurogenic inflammatory responses of bradykinin (and possibly other proalgesic agents) that gate the channel indirectly through intracellular calcium release or other consequences of phospholipase C activation (5, 7, 9, 11, 12) . However, it is not yet known whether tissue injury also produces endogenous substances that directly activate or sensitize TRPA1 to cause pain and inflammation.
Here, we show that the ␣,␤-unsaturated aldehyde, 4-hydroxy-2-nonenal (HNE), fulfills the role of an endogenous agonist for TRPA1, acting directly on the ion channel to effect gating and neuronal depolarization. HNE is the most abundant and reactive carbonyl species, generated through peroxidation of omega 6-polyunsaturated fatty acids, such as linoleic acid and arachidonic acid (13, 14) . HNE is produced at high concentrations (1 M to 5 mM) in response to oxidative insults and has been proposed to mediate many of the toxic effects of reactive oxygen species (ROS) in vivo (14) , where its highly diffusible nature may account for the actions of free radical formation far from the site of injury (14, 15) .
A number of known TRPA1 agonists, including acrolein and other ␣,␤-unsaturated aldehydes, possess an electrophilic carbon or sulfur atom that is subject to nucleophilic attack by cysteine or lysine side chains. Such reactivity promotes channel gating through an unusual mechanism involving covalent modification of these amino acids within the cytoplasmic N-terminal domain of the channel (16, 17) . Likewise, HNE undergoes Michaeladdition reactions at its CAC double bond through nucleophilic attack by cysteine (sulfhydryl group), lysine (-amino group), or histidine (imidazole group) side chains, thereby forming advanced lipoxidation end-products (18) . In light of these similarities in chemical structure and reactivity, we hypothesized that HNE also excites nociceptors by targeting TRPA1 channels. We now show that HNE robustly activates native or recombinant TRPA1 channels and that the nocifensive and neurogenic inflammatory actions of HNE are eliminated by pharmacologic or genetic inhibition of TRPA1 function. Furthermore, key cysteine and lysine residues within the TRPA1 N-terminal domain that are required for activation by mustard oil or acrolein are also essential for activation by HNE. Thus we conclude that TRPA1 is targeted by HNE, and possibly other endogenous reactive carbonyl species, to elicit pain and inflammation in response to cellular and oxidative stress.
Results
HNE Activates the Cloned TRPA1 Channel. To determine whether HNE can serve as a TRPA1 agonist, we used live-cell calcium imaging to measure the effects of this compound on transfected HEK293 cells expressing the rat TRPA1 cDNA under control of a tetracycline-inducible promoter. Expression of a functional TRPA1 channel was verified by Western blotting, immunofluorescence, and calcium imaging in response to allicin [see supporting information (SI) Fig. 6 ]. Indeed, HNE elicited rapid, sustained, and concentration-dependent (10-100 M) increase in intracellular calcium ([Ca 2ϩ ] i ) in HEK-TRPA1 cells treated with tetracycline (half-maximal effective concentration; EC 50 ϭ 27 M) ( Fig. 1 A and B) . There was no detectable response to HNE in uninduced HEK-TRPA1 cells, or in cells expressing control vector ( Fig. 1 A and B) .
We also used two-electrode voltage-clamp recording methods to measure HNE-evoked responses in frog oocytes expressing the human TRPA1 channel. Consistent with the known properties of TRPA1-mediated responses (5), we observed large sustained, outwardly rectifying membrane currents that were blocked by ruthenium red, an antagonist of several TRP channels, including TRPA1 (Fig. 1C) . Recent studies have shown that environmental irritants, such as isothiocyanates and acrolein, activate TRPA1 through covalent modification of key cysteine and lysine residues within the amino-terminal cytoplasmic domain of the channel (16, 17) . A TRPA1 mutant (TRPA1-3C) lacking three key cysteine residues within this region shows substantially reduced sensitivity to these compounds, whereas a mutant that also lacks a neighboring lysine residue (TRPA1-3C/K-Q) is completely insensitive (16) . We therefore asked whether these mutants also show altered sensitivity to HNE. As expected, TRPA1-3C showed greatly diminished steady-state currents (80% reduction compared with wild-type TRPA1 at ϩ70 mV), whereas the quadruple TRPA1-3C/K-Q mutant was completely insensitive to HNE (Fig. 1 D and E) . As a positive control for expression of wild-type or mutant channels, we elicited responses by bath applying 2-aminoethyl diphenylborinate (2-APB), which activates TRPA1 through a distinct, but unknown mechanism (16) . Taken together, these results strongly suggest that HNE activates TRPA1 through covalent cysteine or lysine modification, thereby resembling the action of environmental irritants such as acrolein and mustard oil.
HNE Activates Native TRPA1 Channels on Sensory Neurons. We next asked whether HNE is capable of exciting a subset of primary sensory neurons and, if so, whether this occurs through activation of TRPA1. Using calcium imaging, we examined the effects of bath applied HNE on cultured neurons prepared from dorsal root or trigeminal ganglia of rats or mice. HNE evoked a rapid and concentration-dependent (30-500 M) increase in [Ca 2ϩ ] i in a subset of rat DRG neurons with an EC 50 value of 77 M; threshold and maximal responses were observed at 50 and 300 M agonist, respectively ( Fig. 2A Left) . Consistent with the known pattern of TRPA1 expression (9, 19) , all HNE-sensitive neurons were responsive to capsaicin. HNE-evoked (100 M) responses were inhibited by ruthenium red, as well as by camphor (1 mM) and gentamycin (100 M), which also antagonize TRPA1 (20, 21), (Fig. 2 A Right) . In contrast, these agents had no effect on capsaicin-evoked (0.1 M) responses (SI Fig. 7) . Moreover, the TRPV1 antagonist, capsazepine (10 M), had no effect on HNE-stimulated responses ( Fig. 2 A Right) . Together, these results suggest that the excitatory actions of HNE on rat sensory neurons results from the selective activation of TRPA1.
We next sought to corroborate these findings by comparing the effects of HNE on DRG neurons prepared from normal and TRPA1-deficient mice (5) . A subpopulation (24.5%) of sensory neurons from wild-type animals responded to HNE (100 M) with a robust and sustained increase in [Ca 2ϩ ] i (Fig. 2B Left) . All of the HNE-sensitive neurons responded to capsaicin (1 M), whereas only a subset (45.0%) of capsaicin-sensitive neurons responded to HNE. This is entirely consistent with the fact that TRPA1-expressing, mustard oil-sensitive neurons represent a subset (Ϸ50%) of TRPV1-expressing, capsaicin responsive cells (7, 9). In striking contrast, the number of HNE-sensitive neurons was greatly diminished in DRG cultures from TRPA1-deficient mice (4.7% compared with 24.5% in wild-type cultures). Moreover, HNE elicited significantly smaller responses in this residual population, averaging Ͻ10% of that observed in wild-type neurons (change in F 340 /F 380 of 0.2 Ϯ 0.3 versus 2.5 Ϯ 0.4). Both TRPA1-deficient and wild-type cultures showed normal responses to capsaicin (Fig. 2B Right) . Neurons from mice lacking both TRPA1 and TRPV1 behaved similarly to those lacking TRPA1 alone, indicating that TRPV1 does not contribute to the residual HNE sensitivity observed in the absence of TRPA1 (data not shown). Thus, HNE excites a subpopulation of capsaicin-sensitive primary afferent nociceptors in a manner that requires the presence of functional TRPA1 channels, consistent with the notion that TRPA1 constitutes the primary molecular site of HNE action.
HNE Stimulates Neuropeptide Release and Plasma Extravasation.
The transmission of nociceptive signals is associated with the release of SP and CGRP from the central endings of peptidergic nociceptors that terminate within lamina I and II of the dorsal horn of spinal cord (22) . These neurons also release peptides from peripheral nerve endings to elicit neurogenic inflammation in a number of target tissues, which is characterized by hyperemia, edema, and granulocyte infiltration (23) . TRPA1 is found exclusively within a subpopulation of peptidergic, capsaicinsensitive neurons, and the TRPA1 agonists, allyl isothiocyanate, and allicin, elicit vascular relaxation through the release of CGRP from primary afferent nerve terminals (8) . Thus, we hypothesized that HNE should also excite these same cells to cause release of CGRP and SP from both central and peripheral nerve endings.
To test this prediction, we examined the ability of HNE and the known TRPA1 agonist cinnamaldehyde to release neuropeptides from superfused segments of rat dorsal spinal cord and esophagus (24). HNE (50 or 100 M) or cinnamaldehyde (10 or 50 M), but not vehicle, stimulated release of both CGRP and SP from spinal cord and esophagus (Fig. 3 A and B and Table 1 ). Desensitization of sensory nerve terminals with capsaicin, or removal of extracellular Ca 2ϩ ions from the bath solution, significantly attenuated neuropeptide release (Ն80% inhibition) in response to HNE and cinnamaldehyde. Thus, each agonist evokes neurosecretion of proinflammatory and proalgesic peptides from both the central and peripheral endings of capsaicin-sensitive neurons.
Release of SP from the peripheral endings of primary afferents activates the tachykinin NK1 receptor on endothelial cells of postcapillary venules to cause extravasation of plasma proteins and inflammatory edema (1) . Consistent with this mechanism, we found that intraplantar administration of HNE (60-150 nmol per paw in 30 l) produced a dose-dependent increase in plasma extravasation in the hind paws of treated rats (Fig. 3C) . Moreover, pretreatment with the NK1 receptor antagonist SR140333 markedly attenuated this response (Fig. 3C) , demonstrating that HNE causes plasma extravasation in a manner that depends, in part, on release of tachykinins and activation of NK1 receptors.
HNE Activates TRPA1 to Cause Pain-Related Behavior and Allodynia.
We next asked whether HNE can elicit pain-related (nocifensive) behavior in vivo. Injection of HNE into hind paws of mice (15-240 nmol per paw in 20 l) induced paw licking and lifting in a dose-dependent manner (Fig. 4A) . The response to HNE was unaffected by the TRPV1 antagonist, capsazepine (1.0 nmol per paw, 20 l), suggesting that TRPV1 plays no significant role in HNE-evoked behavior (Fig. 4B Left) . In contrast, the TRPA1 antagonists, camphor (125 nmol per paw, 20 l) and gentamycin (250 nmol per paw, 20 l), significantly inhibited the response to HNE (Fig. 4B Left) . Neither camphor nor gentamycin inhibited capsaicin-evoked (0.1 nmol per paw, 20 l) responses, which were attenuated by capsazepine (Fig. 4B Right) .
HNE also induced a dose-dependent, robust, and sustained mechanical hypersensitivity lasting for Ͼ120 min in response to the highest dose (150 nmol per paw, 50 l) (Fig. 4C Left) . Consistent with the acute behaviors described above, mechanical allodynia was unaffected by capsazepine (0.5 nmol per paw, 50 l), but markedly inhibited by camphor (250 nmol per paw, 50 l) and gentamycin (50 nmol per paw, 50 l) (Fig. 4C Left) . In contrast, neither camphor nor gentamycin affected capsaicinevoked (20 nmol per paw, 50 l) sensitization, which was reduced by capsazepine (Fig. 4C Right) . Thus, we conclude that HNE produces acute nocifensive behavior and subsequent mechanical allodynia through its actions at TRPA1.
To corroborate these findings using genetics, we examined HNE-induced nociception in TRPA1-deficient mice (5). Intraplantar injection of 4-HNE (120 nmol per paw, 20 l) into wild-type mice produced a robust and sustained paw licking and lifting behavior (Fig. 4D) . Strikingly, this response was completely absent in TRPA1-deficient littermates (Fig. 4D) . Taken together, our results demonstrate that TRPA1 is both necessary and sufficient to mediate the nociceptive, inflammatory, and pain-sensitizing actions of HNE. 
Discussion
TRP channels are remarkably versatile proteins that contribute to a wide range of physiological processes through their capacity to detect a broad spectrum of chemical and physical stimuli (2, 25) . This ability to function as a polymodal signal detector represents a mechanism whereby TRP channels can integrate information from environmental and endogenous stimuli. This scenario is perhaps best exemplified by the capsaicin receptor, TRPV1, whose ability to detect thermal and chemical stimuli enables the nociceptor to survey the local tissue environment for evidence of injury and inflammation, adjusting its heat sensitivity accordingly (26) . Chemical sensitization of TRPV1 is mediated by two general mechanisms: some factors, such as extracellular protons or bioactive lipids, interact with the channel directly, thereby serving as positive allosteric regulators; other components of the ''inflammatory soup,'' such as bradykinin or neurotrophins, mediate their effects indirectly by binding to their cognate receptors on primary afferent neurons and potentiating TRPV1 through one or more downstream signaling pathways (4) . We now extend these concepts to TRPA1 by showing that this channel also exhibits two modes of regulation by endogenous inflammatory agents (Fig. 5) . Thus, HNE can activate TRPA1 directly via a mechanism resembling the actions of environmental irritants, such as mustard oil and acrolein. As in the case of TRPV1, this may be accompanied by the actions of other inflammatory factors, such as bradykinin, which activate TRPA1 indirectly downstream of PLC-evoked signaling (5) (6) (7) 9) . Recent studies have shown that isothiocyanates and ␣,␤-unsaturated aldehydes activate TRPA1 through an unusual process involving covalent modification of cysteine and lysine residues located within the amino-terminal cytoplasmic domain of the channel (16, 17) . Our analysis of TRPA1 point mutants at these sites provides strong evidence that HNE provokes channel gating by the same mechanism, consistent with its resemblance to acrolein in regard to chemical structure and reactivity. Unlike isothiocyanates, protein carbonylation by reactive aldehydes shows little, if any, reversibility (27) , and thus it is not surprising that HNE elicits a long-lasting and essentially irreversible effect on TRPA1 gating. This suggests that HNE may produce both short-and long-term actions on nociceptor excitability and pain hypersensitivity in response to tissue injury and cellular stress.
Reactive oxygen species are generated at the site of inflammation by different mechanisms, and one major action of ROS is the production of HNE and other reactive carbonyl species, which ultimately promote protein carbonylation. Elevated levels of cabonylated proteins are found in the blood of patients suffering from pain and inflammatory diseases, such as rheumatoid arthritis, diabetes or pancreatitis (27) (28) (29) , or in the lungs of patients with chronic obstructive pulmonary disease (30) . Consistent with this, levels of HNE may increase by severalfold after tissue insult or injury, such as that associated with ischemia and reperfusion (31) , achieving concentrations as high as 5 mM in affected areas (14) . Thus many forms of injury, particularly those leading to oxidative stress, can generate HNE in amounts that greatly exceed its EC 50 for TRPA1 activation (Ϸ50 M). As such, this novel nociceptive and inflammatory pathway represents a potentially important target for the development of analgesic and anti-inflammatory drugs with which to treat a variety of tissue injury and degenerative conditions that promote inflammation and chronic pain.
Materials and Methods
Reagents. Chemicals and drugs were obtained from the following sources: 4-hydroxy-2-nonelal (Alexis, Lausen, Switzerland), cinnamaldehyde, capsaicin, capsazepine, ruthenium red, (ϩ) camphor, gentamycin, 2-APB (Sigma, St. Louis, MO). SR140333 was a gift of X. Emonds-Alt (Sanofi-Aventis, Montpellier, France).
Animals. Experiments were approved by Institutional Animal Care and Use Committees of the University of Florence and University of California, San Francisco. Male Sprague-Dawley rats (250 g), male Swiss mice, or male TRPA1-deficient (5) and wild-type littermate controls (30 g on average) were housed in a temperature-and humidity-controlled vivarium (12 h dark/ light cycle, free access to food and water). All experiments with TRPA1-deficient and wild-type littermates were performed while blind to the genotype. Cellular Analysis. HA11 epitope was added to the C terminus of the rat TRPA1 cDNA and introduced into the pcDNA5/ FRT/TO expression vector. Stable cell lines expressing TRPA1 or vector control were generated by using HEK293 FLPTREX cells and the Flp-In system according to the manufacturer's guidelines (Invitrogen, Carlsbad, CA). Cells were grown in DMEM, 10% HIFBS, 100 g/ml hygromycin B, and 5 g/ml blasticidin (95% air, 5% CO 2 , 37°C). TRPA1 expression was induced by addition of tetracycline (0.1 g/ml) to the medium 16 h before experiments, and confirmed by indirect immunofluorescence and Western blotting using an anti-HA11 antibody (32) . [Ca 2ϩ ] i was measured in these cells with Fura2/AM by using a Flex Station (Molecular Devices, Sunnyvale, CA). DRG neurons were cultured from rats or mice and analyzed by Fura2/AM ratiometric calcium imaging by using Metafluor software (Molecular Devices) or Laboratory Automation 2.0 (RCS, Florence, Italy), as described (8, 9, 24) .
Neuropeptide Release. Slices (Ϸ0.4 mm) of the lumbar enlargements of the dorsal spinal cord or esophagus from rats were stabilized for 60 min in Krebs' solution at 37°C. Fractions (4 ml) were collected at 10-min intervals into ethanoic acid (final concentration 2 N) before, during and after administration of , and nerve growth factor (NGF), as well as reactive oxygen species (ROS) that convert polyunsaturated fatty acids into reactive carbonyl species, such as 4-hydroxy-2-nonenal (HNE). Some factors, such as HNE and protons, activate TRPA1 or TRPV1 directly, whereas others, such as BK and NGF, modulate channel gating indirectly by binding to cognate receptors (BR and TRKA, respectively) to activate cellular signaling cascades, most notably those downstream of phospholipase C (PLC). Thus, TRPA1 and TRPV1 function as polymodal signal integrators capable of detecting chemically diverse products of cell and tissue injury. In doing so, these channels promote pain hypersensitivity by depolarizing the primary afferent nerve fiber and/or lowering thermal or mechanical activation thresholds.
HNE or cinnamaldehyde. Fractions were freeze-dried, reconstituted with assay buffer, and analyzed for CGRP and SP immunoreactivities as described (33) . Neither HNE nor cinnamaldehyde (100 M) show cross-reactivity with SP or CGRP antisera. Exposure to capsaicin (10 M) for 20 min produced a specific and complete desensitization of TRPV1-expressing sensory nerve terminals, rendering them unresponsive to any stimulus, including TRPA1 agonists.
Plasma Protein Extravasation. Evans Blue dye (30 mg/kg) was administered into the rat tail vein 1 min before intraplantar application of vehicle or HNE. Rats were euthanized by exsanguination 30 min after application of the stimulus. The skin of the hind paws was removed and the extravasated dye extracted in formamide for 48 h at room temperature in the dark and measured by using a spectrophotometer (620 nm). The amount of extracted dye was expressed as nanogram of dye per gram of wet tissue, as described (24) . The tachykinin NK1 receptor antagonist, SR140333, was administered i.v. (1.6 mol/kg) 15 min before injection of vehicle or HNE into the hind paw.
Nocifensive Response. Intraplantar (i.pl.) injection of capsaicin (0.1 nmol/20 l per paw) or HNE (120 nmol/20 l per paw) was used to induce nociceptive responses as described (34, 35) . Immediately after injection, mice were placed inside a Plexiglas chamber. Total time spent licking and lifting of the injected hind paw was recorded for 5 min. Camphor, gentamycin, or capsazepine were administered i.pl. together with capsaicin or HNE.
Control mice received equivalent volumes of the relevant vehicle (0.9% saline for HNE or 4% dimethyl sulfoxide for capsaicin). Administration of camphor, gentamycin, capsazepine, or vehicle produced minimal behavior lasting Ͻ10 seconds.
Tactile Allodynia. Animals were placed on a wire mesh platform in a transparent Plexiglas chamber and allowed to habituate for 30 min before the test. After a stabilization period, i.pl. injection of capsaicin (20 nmol/50 l per paw) or HNE (150 nmol/50 l per paw) were performed and the allodynic state determined with calibrated von Frey filaments (Biological Instruments, Varese, Italy) by using the up-and-down paradigm (36) . Camphor, gentamycin, or capsazepine were administered i.pl., together with HNE or capsaicin. Control animals received an equal volume of vehicles (0.9% saline or 4% dimethyl sulfoxide, respectively).
Statistical Analysis. All data were expressed as mean Ϯ SEM. Statistical significance was determined by using one-or two-way ANOVA, followed by Bonferroni's post hoc analysis. P Ͻ 0.05 was considered significant.
